In this document recommendations for the usage of symbols and terminology in semiconductor electrochemistry are given. Such a supplement to conventional electrochemical usage is necessary because of the additional terminology based on solid state physics and chemistry. Since different symbols are conventionally used in electrochemistry and semiconductor physics for the same quantities, one has had to compromise with symbols in the present document which differ from those originally recommended by the Commission on Electrochemistry. In the present document energy levels in the bulk of the solid and the electrolyte including their interface are introduced and kinetic parameters defined. In addition a terminology on photoelectrochemical cells is recommended. In the latter case, it is distinguished between two modes of operation in these cells, i.e. photovoltaic cells in which radiant energy is converted into electrical energy and photoelectrolysis cells in which radiant chemistry causes a net chemical conversion.
In the present document recommendations for the usage of symbols and terminology in semiconductor electrochemistry are given. Such a supplement to conventional electrochemical usage is necessary because of the additional terminology based on solid state physics and chemistry. Symbols, units and nomenclature in physics recommended by the S.U.N. Commission of the IUPAP [document UJP 11 (SUN 65-31, 19651 are incorporated. SI units are presumed. Since different symbols are conventionally used in electrochemistry and semiconductor physics for the same quantities, we have had to compromise with symbols in the present document which differ from those originally recommended by the Commission on Electrochemistry.
ENERGY LEVELS IN THE BULK AND AT THE SURFACE

1.0.
A semiconductor is characterized by electron energy levels which are described by energy bands. Many electrochemical processes at semiconductor electrodes are interpreted in terms of energy models.
Therefore a symbol for electron energy has to be introduced. The symbol E was selected because it is commonly used in solid state physics. This is in conflict with electrechemical terminology where E is a potential. Yielding to accepted solid state physics practice, we selected a symbol for potential different from E (see 1.2.).
1.1.
The energy bands we consider here are the lowest conduction band and the highest valence band; for convenience these will be referred to throughout as "the conduction band" and "the valence band". Its upper edge has the energy E, in the bulk. The bands are illustrated in Fig. 1 in which x is the distance from the surface.
The energy difference between the two band edges is the bandgap, E,, which is equal to Ec-E,. Then the sum of all potentials is determined by the Galvani potential
For a given semiconductor, the Galvani potential is related to the electrode potential U by
in which const is determined by the choice of reference electrode, as shown in Fig. 2 At the surface (s) the lower edge of the conduction band, E,", and the upper edge of the valence band, E;, differ from the bulk values, E, and E,,, by eAQsc, so that
The electrode potential, U , can be varied by application of an external voltage to a value where the energy bands are flat (A@sc = 0).
This defines the flat band potential, u = u p which can be deduced from capacity measurements under appropriate conditions (see section 6, especially 6.1.1 1.). 
Ps
This is the volume density of states within 1 kT of the lower edge of the conduction band.
2.1.9.
The volume densiry of energy states Nv within 1 kT of the upper edge of the valence band is given by
3/2
The correlations between n and Nc, or p and N,, are given by 3.2.3. and 3.2.4.
Electron and holes can also be trapped in surface states.
2.1.10.
CHEMICAL POTENTIALS A N D FERMl LEVELS
The density of surface states is expressed as N,, per unit surface area. 
Similarly the electrochemical potential, Pf, of electrons in an electrolytic solution containing a redox system is defined in terms of the difference between the electrochemical potentials of the reduced and oxidized forms, i.e. 
3.4.4.
Electrons and holes are not in equilibrium, for instance, when minority carriers (holes in n-type) are consumed in an anodic process, 
3.4.5.
During light excitation the minority carrier density is strongly increased compared to its equilibrium value. In this case we have np w n: and the quasi-Fermi level of the minority carriers is closer to its corresponding band (valence band in the case of holes). The distance dependence of the quasi-Fermi level is complicated. It is determined by the diffusion length and the penetration depth of light (see Kl.), as illustrated in Fig. 4c .
In most situations except those in which intense light creates a significant number of carriers, the Fermi level of the majority carriers remains constant because their population increase is relatively small.
ENERGY STATES AND THEIR DENSITIES I N ELECTROLYTES CONTAINING REDOX SYSTEMS
A number of theories concerning electron transfer processes at 
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The diffusion coefficient of electrons, D,, is related to the electron mobility, pe (see Note c) by the Einstein equation z is the lifetime of the minority carriers generated, for instance, by thermal or light excitation (see also 8.5.2.).
CHARGES A N D CAPACITIES A T THE INTERFACE
6.1.
The potential and charge distribution within the space charge region below the semiconductor surface is determined by the Poisson equation in which E = E, 'E, is the permittivity with E, being the relative permittivity (dielectric constant) of the semiconductor and E, being the permittivity of vacuum. Three cases are distinguishable for the space charge region, as shown for a n-type semiconductor in fig. 6 (i) accumulation region:
The energy bands are bent downward and (ii) depletion region:
The energy bands are bent upward and
If equilibrium between electrons and holes exists at the surface (nsps = n?), then
Ps ' P o but Ps < ns
In the latter case depletion occurs only if the Fermi level is still above
Ei at the surface.
(iu) inversion region
The energy bands are bent upwards and the Fermi level is located below Ei at the surface, i.e.
Ps ' ns
This condition can only be achieved if electrons and holes are at 
The Debye length LD is given by
By varying AOSc by means of the electrode potential, U , the JIat band potential, Ufo, (see Section 1) can be determined (subject to the conditions under which eq. 6.1.11 is valid) by extrapolation (KL + 0 + AOsc = 0).
The thickness of the space charge layer under depletion conditions is defined by
i.e., it varies with carrier density and band bending.
The Mott-Schottky equation is of special importance because it is also valid for very large band bendings (EF below E i ) if electrons and hole are not in equilibrium @,n, c n;); i.e., if no true inversion occurs. This situation may occur in aqueous electrolytes when minority carriers are consumed rapidly in anodic reactions at n-type and in cathodic reactions at p-type electrodes.
The region of potential for accumulation is very small if the Fermi level is close to the respective band in the bulk.
6.2.
Charges can also be located in surface states (Figure 1) Since the charges in the surface states are always changed in the same direction as the space charge itself, C , , can be described in an equivalent circuit by a capacitance in parallel to that of the space charge.
In some cases the properties of the semiconductor-electrolyte interface can also be investigated by the surface conductance method. The surface conductivity is given in terms of the mobilities p, and p h by (see Note e)
A~= e ( p , r , + p h r h )
6.3.3.
in which re and r h are the excess electron and hole densities given by n andp depend on the band bending.
AO
Note e : The symbol Q is also used for surface charge; we follow physics usage here.
6.4.
The potential distribution across the semiconductorholution interface is determined by the relative magnitudes of the different capacitances (C,,, C,, CH) referred to in 6.1.6, 6.1.7., and 6.2.4. When the differential capacitance of the space charge is much less than the Helmholtz capacity (C, 4: CH), the externally applied potential occurs almost entirely across the space charge layer (i.e., AU = AQSC).
Operationally, under these conditions Ufl is independent of the potential of the redox couple in solution (in the absence of specific adsorption). Consequently the conduction and valence band energies at the surface do not move with respect to electrolyte energy levels at the surface. The Fermi level, however, can move, and can thus be described as "unpinned".
6.4.1.
When the semiconductor surface capacitance approaches the order of represent the corresponding rate constants.
PHOTOEFFECTS
When light is absorbed by a uniform medium the
8.1.
corresponding absorption coefficient, a, is defined by 
8.2.4.
defects, and impurities may limit the photopotential in practice.
When an n-type semiconductor at equilibrium is illuminated at low intensity, the photopotential is related to the carrier density, p o , and the additional carrier density, Ap , generated by light, through an anodic photocurrent densiry (Ajph) at n-type electrodes, and a cathodic photocurrent density (Ajph) at p-type ek.Ctrdes, is generated.
This photocurrent density is deiined as the difference 8.3.1.
8.3.2.
between the total current density under illumination, j p h , and the dark current density, j d
8.3.3.
Ajph = jph -j ,
Ajph
JPh
Jd
When the band bending imposed by external potential is sufficiently large, the photocurrent density, Ajph. is usually independent of the electrode potential and proportional to the incident light intensity, i.e.
8.3.4.
AJph OC I0
8.3.5.
The quantum yield, 0, of the photocurrent is defined by 
8.4.
In measurements of the photocurrent, Ajph, vs. the electrode potential, U , the potential at which the photocurrent starts to rise is defined as the 8.4.1.
onset potential, Uon. In practice this value may be difficult to evaluate. Moreover, it may differ strongly from the flatband potential, Up, even at higher light intensities, as a result of recombination via surface states or of trapping of minority carriers in these states.
8.5.
Electron-hole-pairs created by light excitation in the bulk of the electrode may recombine in the bulk or diffuse towards the surface as indicated in Fig. 8 . 
8.5.2.
by a pseudo-first order rate constant kb, provided that the density of majority carriers created by light, An in n-type and Ap in p-type, is small compared to the equilibrium concentration, i.e.
The reciprocal of kb is the lifetime z of the 8.5.3.
minority carriers.
The electron-hole-pairs that reach the surface by diffusion may also recombine via surface states as indicated in Fig. 8 . The corresponding rate constants for
8.5.4.
trapping electrons, k,, or holes, kp, are second order rate constants. The fraction of the limiting power, U,4f x j;h, that a photovoltaic cell actually delivers is the fill factor, defined as 9.1.7.
9.1.8.
The maximum solar energy conversion efficiency q is defined by 9.1.9.
9.1.10. in which P o is the power per unit area incident on the electrode from the incident radiation source (sunlight). In certain cases it is also useful to define a monochromatic efficiency, q h, where and P$ is the power per unit area incident on the electrode from the incident monochromatic light of wavelength A.
In 9.1 the quantities have been defined for current densities with symbol j . If the power is defined as that incident on the electrode area, the total current with symbol i should be used.
It is only useful, however, to define conversion efficiencies if the cell operates regeneratively, i.e., there is no net change of chemical composition with time. This requires that the corresponding electrochemical reactions at the anode and cathode are entirely due to the oxidation and reduction of the redox systems, respectively.
Photoelectrolysis cells:
In a photoelectrolysis cell the electrolyte and/or solvent are decomposed, e.g., water into hydrogen and oxygen. Such a process can occur in a photoelectrochemical cell in which the two electrodes are short circuited or an external potential difference, U,, is applied between the two electrodes.
The solar conversion efficiency is defined by 9.2.1. in which U, is the standard potential of the overall cell reaction.
9.2.2.
9.3.
Besides photovoltaic and photoelectrolysis cells a third type of cell, the photogalvanic cell, is used for solar energy conversion. Here two inert electrodes are applied and the light is absorbed by the electrolyte, for instance a dye solution. In this case an electron transfer occurs between the excited dye molecules and electron donor or acceptor molecules added to the electrolyte. A photovoltage between the two electrodes is developed if the light is absorbed by the electrolyte near one of the two inert electrodes. Accordingly, the photogalvanic cell is essentially a concentration cell. Since its only function is production of electrical energy, the same terminology and definitions used for photovoltaic cells in this document should be followed.
